Hydrogen gas, H2, is generated in alkaline hydrothermal vents from reactions of iron 29 containing minerals with water during a geological process called serpentinization. It has been 30 a source of electrons and energy since there was liquid water on the early Earth, and it fuelled 31 early anaerobic ecosystems in the Earth's crust 1-3 . H2 is the electron donor for the most 32 ancient route of biological CO2 fixation, the acetyl-CoA (or Wood-Ljungdahl) pathway, 33 which unlike any other autotrophic pathway simultaneously supplies three key requirements 34 for life: reduced carbon in the form of acetyl groups, electrons in the form of reduced 35 ferredoxin, and ion gradients for energy conservation in the form of ATP 4,5 . The pathway is 36 linear, not cyclic, it releases energy rather than requiring energy input, its enzymes are replete 37 with primordial metal cofactors 6,7 , it traces to the last universal common ancestor 8 and abiotic, 38 geochemical organic syntheses resembling segments of the pathway occur in hydrothermal 39 vents today 9,10 . Laboratory simulations of the acetyl-CoA pathway's reactions include the 40 nonenzymatic synthesis of thioesters from CO and methylsulfide 11 , the synthesis of acetate 12 41 and pyruvate 13 from CO2 using native iron or external electrochemical potentials 14 as the 42 electron source. However, a full abiotic analogue of the acetyl-CoA pathway from H2 and 43 CO2 as it occurs in life has not been reported to date. Here we show that three hydrothermal 44 mineralsawaruite (Ni3Fe), magnetite (Fe3O4) and greigite (Fe3S4)catalyse the fixation 45 of CO2 with H2 at 100 °C under alkaline aqueous conditions. The product spectrum includes 46 formate (100 mM), acetate (100 µM), pyruvate (10 µM), methanol (100 µM), and methane. 47 With these simple catalysts, the overall exergonic reaction of the acetyl-CoA pathway is 48 facile, shedding light on both the geochemical origin of microbial metabolism and on the 49 nature of abiotic formate and methane synthesis in modern hydrothermal vents. 50 51 Organic synthesis in hydrothermal vents is relevant to life's origin because the reactions 52 involve sustained energy release founded in the disequilibrium between CO2 and the vast 53 amounts of molecular hydrogen, H2, generated in the Earth's crust during 54 serpentinization 1,2,9,10,[15][16][17][18][19] . Enzymatic versions of those abiotic reactions occur in core energy 55 metabolism in acetogens and methanogens 4-7 , ancient anaerobic autotrophs that live from H2 56 and CO2 via the acetyl-CoA pathway and that still inhabit the crust today 7 . Though the 57 enzymes that catalyse the microbial reactions are well investigated 4-7 , the catalysts promoting 58 the abiotic reactions in vents today, and that might have been instrumental at life's origin, are 59 not fully understood 9 . To probe the mechanisms of hydrothermal metabolic reactions 60 3 emulating ancient pathways, we investigated three iron minerals that naturally occur in 61 hydrothermal vents: greigite (Fe3S4), magnetite (Fe3O4), and the nickel iron alloy awaruite 62 (Ni3Fe). Although very different in structure and composition ( Fig. 1 ), all three are 63 geochemically synthesized in hydrothermal vents from pre-existing divalent iron and nickel 64 minerals during serpentinization 2,16,20 . X-ray diffraction (XRD) of colloidal Fe3S4 and Ni3Fe 65 nanoparticles (for details of preparation, see Methods) as well as commercial Fe3O4 reveal 66 their characteristic pattern (Fig. 1). 67 68 Figure 1: Characterization of greigite (Fe3S4), magnetite (Fe3O4) and 69 awaruite (Ni3Fe) catalysts. The three powders are different in structure 70 and composition (a, b, c), greigite and awaruite are freshly 71 synthesized, magnetite is commercially obtained. Comparison the 72 XRDs of the minerals before the reaction (d, e, f) and after the 73 experiments under following conditions: Fe3O4 (h) and Ni3Fe (i) for 74 4 16 h under alkaline conditions (potassium hydroxide added). Fe3S4 75 (g), for 24 h at pH 6.5, stabilized by a phosphate buffer. 76 77
2 Abstract: 28 Hydrogen gas, H2, is generated in alkaline hydrothermal vents from reactions of iron 29 containing minerals with water during a geological process called serpentinization. It has been 30 a source of electrons and energy since there was liquid water on the early Earth, and it fuelled 31 early anaerobic ecosystems in the Earth's crust 1-3 . H2 is the electron donor for the most 32 ancient route of biological CO2 fixation, the acetyl-CoA (or Wood-Ljungdahl) pathway, 33 which unlike any other autotrophic pathway simultaneously supplies three key requirements 34 for life: reduced carbon in the form of acetyl groups, electrons in the form of reduced 35 ferredoxin, and ion gradients for energy conservation in the form of ATP 4,5 . The pathway is 36 linear, not cyclic, it releases energy rather than requiring energy input, its enzymes are replete 37 with primordial metal cofactors 6, 7 , it traces to the last universal common ancestor 8 and abiotic, 38 geochemical organic syntheses resembling segments of the pathway occur in hydrothermal 39 vents today 9, 10 . Laboratory simulations of the acetyl-CoA pathway's reactions include the 40 nonenzymatic synthesis of thioesters from CO and methylsulfide 11 , the synthesis of acetate 12 41 and pyruvate 13 from CO2 using native iron or external electrochemical potentials 14 as the 42 electron source. However, a full abiotic analogue of the acetyl-CoA pathway from H2 and 43 CO2 as it occurs in life has not been reported to date. Here we show that three hydrothermal 44 mineralsawaruite (Ni3Fe), magnetite (Fe3O4) and greigite (Fe3S4)catalyse the fixation 45 of CO2 with H2 at 100 °C under alkaline aqueous conditions. The product spectrum includes 46 formate (100 mM), acetate (100 µM), pyruvate (10 µM), methanol (100 µM), and methane. 47 With these simple catalysts, the overall exergonic reaction of the acetyl-CoA pathway is 48 facile, shedding light on both the geochemical origin of microbial metabolism and on the 49 nature of abiotic formate and methane synthesis in modern hydrothermal vents. 50 51 Organic synthesis in hydrothermal vents is relevant to life's origin because the reactions 52 involve sustained energy release founded in the disequilibrium between CO2 and the vast 53 amounts of molecular hydrogen, H2, generated in the Earth's crust during 54 serpentinization 1, 2, 9, 10, [15] [16] [17] [18] [19] . Enzymatic versions of those abiotic reactions occur in core energy 55 metabolism in acetogens and methanogens 4-7 , ancient anaerobic autotrophs that live from H2 56 and CO2 via the acetyl-CoA pathway and that still inhabit the crust today 7 . Though the 57 enzymes that catalyse the microbial reactions are well investigated 4-7 , the catalysts promoting 58 the abiotic reactions in vents today, and that might have been instrumental at life's origin, are 59 not fully understood 9 . To probe the mechanisms of hydrothermal metabolic reactions 60 3 emulating ancient pathways, we investigated three iron minerals that naturally occur in 61 hydrothermal vents: greigite (Fe3S4), magnetite (Fe3O4), and the nickel iron alloy awaruite 62 (Ni3Fe). Although very different in structure and composition ( Fig. 1 ), all three are 63 geochemically synthesized in hydrothermal vents from pre-existing divalent iron and nickel 64 minerals during serpentinization 2,16,20 . X-ray diffraction (XRD) of colloidal Fe3S4 and Ni3Fe 65 nanoparticles (for details of preparation, see Methods) as well as commercial Fe3O4 reveal 66 their characteristic pattern (Fig. 1 ). Iron sulfide minerals are formed under conditions of high H2S activity 16 and have long been 78 regarded as ancient catalysts 11, 17, 21 , but the key initial reaction between the inorganic and the 79 organic world, CO2 fixation, has not been reported using iron sulfur catalysts under 80 biologically relevant conditions 14 . We found that under mild hydrothermal conditions (2 bar, 81 100 °C) formate and acetate synthesis from H2 and CO2 occurs readily under nearly neutral 82 and alkaline conditions in the presence of the hydrothermal mineral Fe3S4 ( Fig. 2a ). While 83 only formate was detected at 20 °C, acetate also accumulates at 60 °C ( Fig. 2b) . At 100 bar, 84 Fe3S4 catalyses the synthesis of formate and methane from H2 and CO2, but not from CO 85 ( Supplementary Fig. S8 ). Formate and methane are the main products of organic synthesis 86 observed in the effluent of modern serpentinizing hydrothermal systems 19 . Greigite is similar 87 in structure to the iron sulfur clusters of many modern enzymes 17 . Awaruite (Ni3Fe) is an alloy of native metals and a product of serpentinization that forms at 124 high H2 partial pressures and low H2S activities 16 . It is common in serpentinizing systems, 125 where it is usually deposited as small grains. Its synthesis is thought to involve reduction of 126 iron(II) and nickel(II) during phases of serpentinization in which very high H2 partial 127 pressures are incurred 16 . At 100 °C, awaruite catalyses the synthesis of acetate and methanol 128 in the 10-100 µM range at pH 5-8 whereby either the native alloy, native Fe, or H2 function as 129 the reductant (Fig. 2d ). At alkaline pH, with either native Fe or H2 as reductant, formate 130 accumulates in the 100 mM range and pyruvate reaches 5-10 µM (Fig. 2d ). In some 131 experiments, we detected ethanol in concentrations up to over 100 µM ( Fig. S10 ). Ni3Fe also 132 catalyses CO2 fixation under alkaline conditions at 70 °C, and even small amounts of Ni3Fe 133 are active in thermal gradients from 100 °C to 30 °C ( Fig. S11 ), conditions similar to natural 134 alkaline hydrothermal vents 23 . We observed trace amounts of ca. 19 ppm methane in awaruite 135 catalysed reactions ( Fig. S14 and S15), which is substantially less than an earlier report using 136 H2 and CO2 for 1-2 weeks at 500 bar and 200-400 °C with awaruite as the catalyst 24 . Our 137 findings show that awaruite is an effective catalyst for organic synthesis overnight from H2 138 7 and CO2 under hydrothermal conditions that, in terms of temperature and energetics, are mild 139 enough to permit microbial growth. Of the catalysts employed, only awaruite showed minor 140 alteration after reaction, probably due to mild oxidation ( Fig. 1g- was added, only native metals were available as reductant ( Supplementary Figs. S5, S9a , S12, 173 S13), likely generating intermediate H2 from water. observed is formate (Fig. 2) , which is also the main organic product found in alkaline 204 hydrothermal vent effluent 19 . A possible mechanism for the formation of formate is given in 205 Figs. S18 and S19. The reaction products we observe very closely resemble those of the 206 acetyl-CoA pathway to pyruvate 4 (Fig. 3) , which, in both the bacterial and archaeal version 4,7 , 207 entails eleven main enzymes totalling ~15,000 amino acid residues 6 plus six organic cofactors surviving relics of primitive amino acid sequences. Science 152, 363-366 (1966 
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